
~

P Rt - P~I.,.)l

RIVER DISSOLVED OXYGEN MODEL WITH ZEBRA MUSSEL OXYGEN

DEMAND (ZOD)

By Rakesh K. GeJ~ 1 Steven W. Effter,2 and Emmet M. OwensJ

I .
A8STRACT: The development. calibration. 8i1d appUeatlOD of a d.VDamic tWo-cJi~J\&lonaJ mass balance model
for diJ3Olved oxYlcn (DO) for rivers are 00cumeDIcd for the first dine accommcKiacing thc o~Ylcn demanlJ
associMed with zebra mussels. The !Cst sy~ is a 8iK>rt (2.3 kID) phY'OtJlankIoo-dcb section of the Seneca
River. N.Y.. which is believed to represent an upper bound of I11c 'mpaa of [bls exocic invadet on o~Ylen
resources bcc;ausc of the \lnusually high po1JUlation l1cnIities and limited turbulcut mixing mP1 prevail ~odei
caJibraiion is supported by CODlprehensi ve ~uuremen&s of DO. whidt resolve mUrDa! and seasonal p.t&cm~.
and various forcing condid.OR.S ova. four-DloQIft period. WIde t8mIXJtaI variaUoM in Lbe ueoal CUUSU1111xiUlI
rate of DO by zebra mussels [ze~ mussel oxYIeD demaDd (ZOO). g.m-I'day-l] weM delCnnined through
modeJ calibration. These dctetmina1ions are supported by ctoauro wim earlier esnm.cos baaed on simple DO
budgCL c:a1Cutation5. and with laboratory biomasi-speciftc oxygen conmmptlOD ~lCs published In the sciemit\c
literamte. Values of ZOO at d~ (e.&.. >50 I. m-l.day-') w~ an;;xdct of lnaanJmde greater man \be .sCtJimcni
oxygcn demand asJOcia[ed with organically emicbcd ~I$. The :Dodel pertotmS well ill $imulwDJ iulpunlUll
fe~ of the complex patterns 1)( DO observed. including (1) DO dep~on across the StUdy section; (2)
vcnical DO stratlficatio~ 3Dd (3) diurnal ch°8cs. ZOO wu the dominant ,ink for DO over the river smdy
se UOB; Ii was cnUfCly ~PUR51blc fot UJC ~ obIerved DO depiction. ;&nd 11 was ~ D1:ljor :::1USC ot \hc
DO stratification during periods o( 1ow now. A ~1imiIWY cxtcnSion of ~ model is dcmunstt-.=d 10 be
successful in simulating the persistence of DO dcplcoon " km .:1ownsue~. Thc m~1 i.-. I:Apel:lcd 10 have
miUlagcmcnt utility fur llu~ omd iJthcr phywpllni.1On-rich ~...~rs thai have been. ()( wi\! be, inv~dcd ':)Y zcbr:l
mussels.

INTf tODUCTION

M chanisLic mass balancc moocls ~proscnt Ihe primary cn-ginc . I Lools to cuide the maDalcmcnt of surface warer qual-

ity ( mann and M~l1er 1987: Chapra 1997).1be complex-
ity 0 the~ mathematical tools h~ CYolvcd to mect incrcasing
~c)I;i needs as computing capabilities and sc1cntifi~ UDder-
s °"8 of thcsc ccosystcms have advanced (Chapra 1997).
Muc of me in~asing sopbistic:1Iion of water quality models
has en devoted to more dew led trealmenl of the "mctabo-
lism u( thcsc ccoaystcms. Thc managcmcnt models that have
been developed, often at great cost. reflect the biologic~ struC-
turc r me\a~lism of the CCOSY5tcm~ that p~vailcd at thc timc
of th if development. These tools may remain "PPropriam only
85 I g as substantial changes in swcwre aou function ,,( :In
ecos ~1cm do not occur. Exotic invaUcrs can dnmatical1y alter
the ture and function of surface Water ~OSY8tCms (Mills
et aJ 1993). thcrcby rcquiring modiftcarion of modcl framc-
wo to ~mmodate influences of the metabolism of the
inn r.

I.Cbra muS$Cl (Drei.J,Jena pol;Vmorpha. Pallus), . small
e mollusk nadve tosouthcm Russia, baa heen OD~ of'the

mas SUCCC$SM iAvaders of the "'IuaUc ~ys&Cms of NOrth
Am 'ca (Ludyauakiy et al. 1993). Following rJte introduction
info 0 Laurentian Great Lakes in tho mid.1980s (e.~.. Water
ball t from a Corman ship) (Hcrbcn et aI. 1989), thi.I ftJlcr-
fu~! bivalve haa spread throughout the Nonheast. and much
ot ~ Southeast and MidwcSI of the UnitCu Stales, and QlUl:h
of CFada. Cense popular.ions of me zebra miPsel bavo been
dcm~suated 10 cause ~or chanp in common measurcs of
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Water quality aasociutcd with various .1.5pecu of tIS mctabolism
(EfBcr C\ aI. 1996;. lhese changes have ~ludcd 1.1) dec:e:1seS
in the coDCcnttalions of phytoplankton .md inKDimate paruclel
(ttipton) and attendant increases in clarity. as a rc~ult oi .ilter
fccdina (Caraco et aI. 1997; EfHcr an4J Sic8fri~d 1998~: 11\
incraases in amOicnt .;onCCDWtlOnS ~i nutnenu 3$.soc:;1ce~i
wilh excretion (Amott and Vanni 1996: Effler ~t 41. :996.
1997a; C3laCO el:il. 1997); and (3) decrC3SCS in Ilis)'ojved
oxyaen ,DO) and pH .1a5oci:1tcd witlt :-cspirnuon ,Efftc-: mu
Sieafricd 1994; Effler 8t al. 1996; c~u ~( ill. ~(X)()I. The
molt dense populaUuns u( t.~br~ l\'u.~~LS x..:ur '.vhcre :h~:-~ i~
.t~ndant (()()d (e. g.. ph,..toplanktun, Jl\d roI;K .sub., a':ltC to iU~
?Oft JuO1{;hm~nl :R~!\aran ~t aI. ,~:9:~. Th~ ;tJ~~nllude ,)(
;hang.!:1 :n .iu~:; ~:i :n :)(~(~i)' )! ~~. ;)n,.,II'.I':::I:) ~;l: :-;.1""
~;;unlp;aniel.f the ;~h(a m'ussc! invJ"'lvn :1\ ;C:"c~~:Y :ni':it..~.;
~yStCID$ ~ ~ndt:-ed 'N:1ter -:Juaiity :r.006 Je"cil:{.)t1J ~~I)(1:
fJ\e invasion ossemiaJly u~ic~s.

Tbc focus u( tb1$ po-per IS d1~ appropriate ;lC---;)o\J11l~tll)n
of tho ett'ect(a) of ~brl1 mussel metaboli!m in 3 mas)' ba1anc:~
m~ :or dissolved .>xygcn In n"c.oos. ~"u~h :h~ PI>pu;:1uun
dcnsilies of this lnvtader ~ gcncr:dly :owcr !n rivers md
;cr~:1l:lS :hm in ;.1kc:; :.i'-1Qdon !: .:1:. ; 9o)~'., :lIc II.:Ji!i(:~:;:.; )0;.
:,son sink te~resentcd by ~brn mU~~CJ respir3L1on 1~ It ;;;1rIII:-
.liilr .:unccm in :CU~ i)&(ems in \1eve;opc::.1 JrC;S:;. \1ar.:.: .1!OI14
riYers bave lIttle or no ;1vailable ~imilacive capacity !o lose
because of inputS of oxY8en-demllnding w~tes, Oxy&en dc,
?lctiol1 has ~en reponed from LcbrQ mussels in ~ !c~, four
iarge :1VCf3 ~ the United State..- tnl: :lIi!1ui", :<.'...c,: ,111:111;1..
NaNra1 History Survey 1994), thc Hudson River (~u e-t
011. 2000), the Seneca River (Sfflcr IInd Siegfried 1994; Effler
et aL 1996). and me Oswego Rlvcr lEma and Sie~fried 1998).
Undoubtedly. the oxygen resources of a much lqcr number
O( rivers in dtc Unitcd States :1nd C.tn~a have bccD impx:ed,
Thc mOSt dense populll1ions of zcbra mulJSCls aJld thc :nu~t
severe dcplctioas of DO tor a lodc sySlem have bccn reponed
for tho Seneca River (Efflcr and Siegfried 1994). Depletions
in Ihia river have been severe cnoush to cause violauuDs 1)(
related New York StalC Slandards for mInimum DO CODccn-
tratiollS «4 ms'L .1) (Emu ct aI. 1996j.

ThiJ papcI" documcDts thc dcyelopmelU, caJibradon, and ap-
plication of a dynamic two-dimcnsiunaJ mass balance modcl
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for to for. 2.3 kIn sccUOQ of d1e Seneca River. N.Y. An
llnav I uf mc~s is utilized to depiCt salient feabDoeS of tt1e
COD1l!(cx DO paaet'M and 10 evaluace model performance. Tbc
temporal pauens uC OXYBCD demaQd a88oci81cd with zebra
muaaels [zebra mussel oxygen demand (ZOD). g'mRZ.day-l]
(P.~ CL &1. 1996) in the ~y ~ U derenniaeci 1hrough
m calibration. Tho calibralCd model ia appllcd ro cvaluare
!.he alive roles o( ZOD. primary production and tesphaUon.
and 1 ired veniGal mixin& in regulaf.ing Lbc obscrYcd signa-
tures (DO dcpleuon acro.. die sn1dy rcKh. diumal variations
in D . and venical JiffcrcDces in DO. Prcliminary resdng of
UIC ~O mOOd ovcr a longer lCCtion (-1' km) of the river is
prcse Itcd. and criucaJ fealures ot die incluaion of !.he effect of
UIO z.t IDrii mussel invasion ill a DO management model for the
rivcr .vstcm arc col~idcrcd.

causes a.sativa impKta in downsttaaID poniODJ of the Seneca
River (Canale oc aI. 1995; Bfftor et aI. 1997b). The uaimilative
capacity of this portion of the rivcr is an important manage-
ment isaue, a8 a leading alternative for rehabilitation of On.
ondaga Lake 11 diversion of ~ wulCwalCr trcatmcnt plant
(WWTP) dischal8e (ruUowiDg treatment upgro1de) received
from moQ'Opoliun Syracuse to the Seneca River (Canalc cl aI.
199.5j Emu el ala 1996).

Crou Lab, Icx:ated -16 kin upab'eam of BaJdwmaville and
-23.8 km Uplaealn or the mftow from Onondap Lake, i. .
lJinlicuc. rapid ftushing lAke. The Scn~C;) Rivcr inftow (Fig. I)
~Dts -98~ or the total ftow ~cived by this Iak.c (Emu
and Carter 1987). There are no significant inflows ro the Sen-
~a Rivcr bctwe~Q Cross Lake and tbG CDUY u( Onondaga
lKe (Fig. 1). Crou Lake is hypereutrophic because of the
Dumont loadinl received by die upsnao\ poniou or d\~ river
(Effler and C8I1Cr 1987) from WWTP Jischaracs and agricul-
tural Kuvlty. 'Ibis iDteIYcning lakc cssentially acts to conVert
nutrient loading catricd by upsttcam ?onions of thc Scneca
River to phytoplankton bioma$a (Em~. and Siegfried 19')4).
Watcr c~iing Cross Lak~ during summer low dow intcrval)
largcly rcdcctS lakcwidc cpilimnetic ;ondiuOQS (Emcr ct aI.
1989). However, during high runoff intcrvals substantial ~hon.
.:irC"oliling of thc rivcr indow to thc luc .JUtlct X:::JI"S ,S.:hindc!
~\ aI. 1977; Emcr and Caner 1987).

An artificial channel, described as the "cut,"locatcd 1.3 kin
dowosa'eam of Cross L.akc (PII. 1), is Orle of the moolftcauons
ot tbc river to support oaviguion. This .:bann~lldcp'h or'.5 In)
was dul oUt of bedrock in 1915 as pan of the c()na~tiOn OJ-
the Barge Can~ system. The bcxtom or'dtis channell, covered
with cobble size roc:k (DO tOOled plantS I. 1bo CUt carries >~
of tho nver flow (Coon 1994), as the natUral "honcshoc"
cbanncl "c the rivcr (Fia. 1) is :argcly sl1tcd in.

SYS'rEM DESCRIPTION

Se~ g ~neca River is an a.lkaJlne hMIdwater system that

drain 9,O<x> k.Jn2 ot the 13.200 kmz Oswego River basin of
Newark (Fig. 1), The Oawego River. formed by d1e com-
binli. n of the Seneca and Oneida Ri vers, Is the second larae1t~
inflo into Lake OntArio ,.Fla, 1). after tho ~ia81\ra Rjvcr. Thc
ww avcr~lo Ouw Qf mc Seneca River -- Ba1dwiDSvUle tor
the 1 .11-91 pcriod was 96.3 mJ.s '; the average - the mouth
of th Oswelo River over !be 1933-91 imetVal was 188.6
m', s I (U.8. Oeololica.l Survey).

Th natUral hydrodynamic featUres of the river syatem have
bccn y modified (c.g.. dams. locks. and cbmncliZalion)
to su pon P'>wtc FDcrabon ~ naVigation. which has In-
crcas watcr depth and reduced turbulent mixina and thc
rcaer on capacity u! thc system (Canale et a1. 199.1). Nu-
mero small tkxnestic WUtC discharges are received by the
Scnc Rivet U~lfCwn Qf Cross Lake. nOQc arc received over
the s Lake to BaJdwinsviUe reach. and several effluents
cntcr river system downstream of BaJdwinsVille (Fig. 1)
(Can e et ai, 1995; EflJer et al. 1996). The domcslic waste
loads m the taxgCS1 urban area in the watr.rshed, SyracUte.
I1re civcd inStead by the Idjoinin, Onondaga Lake (FiS. L).
anon gil LAke is $evc:rely polluted as a result ofthc rccepaon
of th waste (Effler '996), and the outflow from the lake

Zebra Mu..ef 'nya.lon 8nd ImP8cta on DO
Ludyanskiy et aI. (1993) reponcd Ute zebnt mussel in~ioQ

had St)read to this river by tho ~rly 19!:Os, An ;lbntPI reduction
in DO ":OOC~Dtr31ions was "bserved ;n the Seneca Rj~er 31
BaJdwinsvillc in die suuuner oi 199=: :be median I:UDc:ntriA-d d ' - J . -. .', . QI'" ,.", I I ~
[Jon e':reas~ ;rOn\ ,. mg't.' ",I,r "'7\I.1n\l. :"'7.; ~" 't...
mg'L -, :1993. Fig. ~i1)] (Eiilc:rct oli. .~'96). L.Jngtluoil1O1I u..:'
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because of the particularly high populalion dcnsibes main-
tained. but a1Io because of Ute limited amount of compenlation
provided by reacntion.

The 101. of allimiJative capacity of Ihc river system for
oxyacn-demanding wastc associa1cd with the l.ebra mussel in-
vasion bas had ~t implicariona fm' basinwide plaoning.
Wastc discharge pennits issued by New York Swc before the
inv"ion can no longer protect &bc o~)acn fC5QUJCU or ~
rlY~. Fw1hcr. this infcsaadon is confounding rehabilitalion ef-
forts for Oo°Ddasa Lake. as pl3ns to diven d\e WWTP CtnUCBt
from metrOpoUtan Sy~U5C to the river baye ~n discontin-
ued because of the loss of assimilative c:1pai;ity.

cut

SUPPORTING MEASUREMENTS ~ \G:~( e. ~

Monitoring progr.m 1... 7
An mlen£ive field proaram cond~ in 1994 IUppmted

model .jevclopment and teaUna (Table I). The otEray of mUD-
itorcd parameters includcd tbc modcl sratc variable. a nmnber
o)t" rno~l inpuu. :1nd sevcral auxiliary m~uremcnls o( ~un-
ditions !.hat may have inftuenced the dynamics oi zebra mussel
respintion and DO. Water quality mc3SuremenlS were made
al tWO ;onginxiinai positions (nAviaalion buoys ~09 and 397)
boundin~ the CUt ~P\I. 1). Zebra mussel populaliun esumMte~
for this .ic~til)n wcrc based on benthic j\D'VCYS ;;onduc~d at
multiple sitcs land n:plicatc samples) wilhin ItS bounds (Effier
et aI. 1997a). Tcm~rarorc. DO. and ~lCorololica1 conditions
were mcasurod thc most frequently (hourly). Temperalure and
DO mc3SurclDcnts wcrc made at depths of 1 and 4 m at each
of the tWO sites with remote monitotin~ IanilS ,Emer ~L aI.
1998). Other ftcld and laburalcxy analyses wac coadlK:tcd lcss
frequently (tWo to threc times' week .'. Tablc 1). Meteorolog-
ical D1C3SurcIDCntS were made at Syracuse Hancock Airport,
axcapl :or Incident Irradiance. which 'NI$ measure\J ne~ d1C
soudtern ~nd of Onondaga Lake (Fie. 1).

"'1

Upstream Boundary/Ambient Condition.

Rather stronJ dynJ1mics of potenuQi dnvers or zebm muascl
respiraoon and DO occurred over the modelll\i rntervaJ (rig.
3). For !x.:m1ple. major variauons in river now ,Q. mJ. s -I)
,1Ccunen ;Flg. :t 3! J. Tho mo~[ ...OltaPI\.-.lI)U$ rci\;p,)f:ll !eatUr~~
'Net$ ,wu Lnltr,/ik!S ,,{ ~uw Buw from ;D1u.jUJy :hruup :nl~.

in Ihc same summer [Fig. 2(b») depic1ed ~
~ ucam of Croa ~ wicbout MCOVcry al BaldwinsviUc.
The pealea dcp1cti~ ~ ~ Ihe CUt. No such dc-
pie ns in DO were found for tho Cross Late to BaldwinsvillB

in earlier data sets.
~ ra muqe1s were found to occupy all available lolid sub-

sUa > 3 an di8mctcr along d\e cndrc Crou Lake to Ba1o-
wi il1e reach in a benthic ~\U"Vcy of August 1993. PIlticu-

dense populatioaa at d1C bivalve ~ observed in the
,,-~,(XX) individual.-m-2), where the contribution of
: fock subsuate Vi.. &lie grcalcst (Btacr and Siegfried

] ). The size SIIUCturc of the community indicated that the
po ladoD w" Q~bli5hcd in 1992 and 1993 (Effter and Sieg-
fric 1994). Tho population density found in the cut is thc
hig SI ~ for any river in the United States. approachiPl

ob8ervcd fa productive portiona of tho Great Lakes
r el at. 1996). This baa been anribulCd (0 t.hc aOOIKiaDt

fi supply provided by Crou l.1k.e in the Corm of phyta.
pi on, tbc supply of veligcn (planktonic larfac of d\e u.bra
mu 1) by the lake, and the' abundance of appropriatc sub..
sua (Emcr and Sieafried 1994. 1998). High densities of the
mv r have pcraistcd 81 this location for al least seven years,
tho h substantial se:uonal and inlCtannuaJ varianons have oc-
cu

S ientific evfdeuce suppOrtS the ~\1siuon thai the decrease
in in tI\C riva was asSOC141ed with d1e z.etK'a mU5SC1 in-
vasi n. Reasonably lood closUlt: was obtained betWeen the
esti atec1 average DO dcpiclloa. acmes the cut (baled 00 Ion.
giN 'nal DO profiles in 1993), expressed as an areal sink pro-
cas (44 .. m -1, day -'). and an areal respiration talC for Ibc
m Is (34s'm-2'day-I). ~d on laboratory Eales (Schnci.
del 992) aDd mc measured population density of 1993 (Etfter
and iegmed 1994). Similar budget calculation. me around
tho t based On much more inlCnsivc DO monilOrlns in 1994-
(Em r ct aI. 1998) condnued to establish the existence of I-
larg( oXYlcn sink in Ibis river scction and ntlu:r good closure
widt n\~ fQ;cut (Aldridle Ct aI. 199:S) laboratOry data tor
l.cbr: mussel respiration.

on e CUt baa been Idopled ~ the :cst syStem in this pa~
lu jl~,.;~)t'pU11ICC me eff'cclS of zebra m~el m~lism iQIO a
maSll balancc model for DO, and (0 q~Ufy the assooatcd
)'ink. iThis site Ukely approMChc~ the !1pper Oound of the impact
of ~Dra musscls 00 thc oxygcn resources ,,{ a river, n<K oniy

TAa.e 1. MoniIOriaI PJoIraID S~ 00 ~ T.-.ac for 1994 CoDdIdon.-r~ Rl:fER1iCC~~ncy Fulx:tion

(a) Piald
Em" cl at (199&)
mI.- ,L ui. ..1!i'J7,&1

DO"

T~
Sccd

~
Ajr~
Dcw

W'1JId
R.iVCI'

Irt3d~

StaR vartabl.
~odcj :npUL
Mode1iDP11t
Model input
Mod.I iftplil
Model IAput
Modol IApUI
~udel ;;I;)ut

-~~~_i!l~UI

1 ...&1 oJ. m; hourly
1 aA.J ~ m; bouny
"I'wv ID ~ limes. week-I
Hourly
Howl)'
HovrIy
Hovrly
~;wy :&VCf:lIC
Fivc limes

:e-.~'1 ~

~,~o",,'
N<JM~zCS8
NOAA reCOni»
NOAA recorCJ
tJ..":. :culu,il:~ ~\lT'

~='
I disk-
II( irradiux:c
'mper.cww'
')oint 1o1Dpera1Ul'c'
.~
:10W
IDCa ~lilcs'

(bt~- - --. -1 IIId 3 In; tWO CD Ibn:e ttIIIC8. weak - .
1 and 3 In; two to tbreo umes' week' J

I ;ud .3 In; two 10 !tine ~. week-I
I ud 3 m; ~ 10 Ihreo timcs. week.'

~ODthJy

BfDcr I( aL (19971.
etIIer ~ al. (1!1978)
EfdC' at ;&1. !:997:i1
efl!cr .. ... ;\997.,
Em.: 81 aI. (19971)..- ..,.-- -- - ~.-

.~
Ancillary
Am:War:1
ADCiJluy
Alt(;fJluy

SIIIp.
Obi

I
Tutal!

I
Niual
~

~iG
~~hYIl"~.
mulleJ ~

.H','droLab ~
'Tt 8sdmaI8 ~...riQJI ~mCjenL
.V,..t... ~W.,. 1..u'Ut8-~t. jQ S~ee.
'N~ &XIaI ~ &lid ..~bcric AdmjQ1$U8dOG _ther Ration. Hancock ~ (Pis, I),
"orr apon/~ 8tlb.-dd jDpuC8.
"11 ,d~ _'.Clon coemcte8~ -.
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ptOJ. '~ \~ vS51
and tbc CO~8DlradODS of the 01'pnic compouanl of IUspcndedlOlida (VSS. mi' L - ') 8Dd CI1 were lower. consiaenc with

\. shm1-Cilcui~ Bow from the upstream portion of the river.
Higher Chi levels [fil. 3(b)] were observed during the tower
Sow (e.g., minimal short-circuited componem) lnaervals (Fig.
3(a)]. The diaproponiODalO decr-.,c m ChI durin! the tale Au-
,USt nmoff cvcnl suacsts th~ food value of oraani<: panicles
may have diminished duriDa d\i. iDlcrVal.

1M dyDamics of ccmpcmtunl (T, .C) were more Jfadua! by
comp8riIOD (Pig. 3(d)]. typical of the seasonality expericnccd
in the ~gion (Effler 1996). Tcmpetal~ ~gcd from [1 (late
October) to 26°C (July and August) over die $irnuJation period,
TemperatureS decreased in a targely progresaivc manner afler
early Augu.t [Fil. 3(d»). Vcnical T difi'eRDCcs were minor
relalive 10 d\e seasonal chanses (FiS. 3(d)}. These differences
ware Jl'eat8st during low Bow i~rval$ and depiCt incompiete
vertical mixing in the river water column. aJ\d therefore the
potencial for saaddcadon for reactive ConslitucDlS such as DO,

The prcsentcd Icmporal pancm of zebra Mussel biomass for
die soldy period [Fig- 3(e)] is an oversimplification (Effler cI
:1.1. t9c)ia), but it depicts the most impOrtanl fea~, the major
decrcau duriDg me Aulust nmu{f. cvCDl (described as '.wash-
out"). Average zebra mussel papulation densities 3IId LOIaI bio-
mass!n the CUt de~ I'rOOI -'&0,00) individuals-m-: ~
930 8 ~dry wcight)-m-: to --18,000 iadividuaJs'm-a md ~40
g' m-). respectively (Etfter er aI. 1997a) [FII. 3(~)J. The mec:h-
ani.", for tho loss 01' biomass ft'om me cut is unccnain. The
increase in velocity was inadc~uatc to ~ovc healthy zebra
muSlicll from tho substnltc. However, the colonies in the CUt
were several centimeters thick. made up of numerous layers
of indiViduals. Manv of me individuals in thc bottom (i,c.,
older) layer may ha"ve been dead or de~. such that dc-
lal.:hmcn[ ot \:oluoic$ could have. uccurrcd in rcsponlc !U the
increase in current velocity

The DO signal reccivcd by the CUI from Cross Lakc during
:be StUdy period was complex with ~pcct '.0 :emporaJ and
vertical pallems. The <:oncenU3tion of DO van cd slron!ly at
time scales of daY-LO-dny {fig- 3(()J, 'Jlitbin a Jay (MI. 3(,)1.
and v3SQnally. and differed will\ depm in [he w~ler :olulTln
of me ;i".er. These :-c:&tures red~c:' dynamics in !)O conc;~nlra.
:iun~ ~t ~ .:orr.mt:.niy obs;:r','I:cl ;:'. :r.c -!pliin-lJ1la lJi :1~P':':.
euU'Opnic labs, :nat 3re driven ~y rJle :lining \')( j)nmMy pro-
duction 3nd wind driven DlrbuI~I1Ct! 'EI'B~t and C3I'1ef 198i;
Effler ~t aI. 1989; Emu 1996;. Thc uDuswilly low turbl&Jen&
miDng in dJiI riva- ~ts to sustain bod! the temporal ilnd thc
venicaJ (C3.QIrCS of the late's si&nal. These COft)plex featUres
.11'0 to :x e.\pcc:ctl (or :£ rivcr itUdy .i1te ',vhcrc the rnll.~:fi..un;
impac: .)( zebra mussels on oxy,;en resources :a appro~cd
'.~.l.. ~~~utruph~ ;J"~ limitclJ ~W1)I.::C...cc). F ;-".l)cr. :h;:~1 ,r:
fer a challenge (or prupcr quanWicauOD of Lbc ctCcclS ;Ji pri-
aIarl prndUCDQ" and limited venical mjxjnl in .\ DO model
(rame'Nurk. iind an uppOnunjty lO make ~cd advanc:cmenLS.

Aug S89 OaJul

DISSOLVED OXYGEN MODEL

Tr8n8port/Temper8wre Submodel

The "J'an$pon/tempcraturc submodej adopted here bas been
modified nom ~t incorporated in CE.QUAL-W~ (Cole and
BuchU 1995). a model that is wideiy 1pplied for rc~ervoirs.
The framework is tWo dlmensionaJ. con$isting or" longitudinKJ
and venical segmen~ (ie., conditions are laferaliy averaged).
to ~ related feawres in the DO patternS of thit syslCm
(c.g.. filS. 2(b), J(!). and J<a)}. ScSDJeDtaUoll was based 00
a bathymebic survey and wu cansltteat wilh die need to avoid
l)~rica1 dis~ion in model predictions. A. segmentation of
12 venical laycl3 of 0.5 m eaCh. and Ibrce lougitudiuaJ scg.
menf4, -0.8 kID 1001. was adopted to represent tho cut. Thus,
the CUt was divided into 36 (12 )C 3) ceJl.t; co~D[r..ions

i
i

AUI ~ t and much of Scptember, which scpan1£d dveo iD~r-
vala f high now in early July, laIC Augmt, and laIC Scptcmbcr
thro .sh mid-OctOber [Fig. 3(a»). The mi"imum averolo now
for a' 30 day period. with a return tn:qucrx:y of one in to years
(MAB.OCDIO), ia 17.6 m3.s-1 for Ibis reach. The levels of
chl~pbYU (ChI. JA.S'L -1 that on~ Iba cUt {buoy 409, Fl,.
3(b)1 rc6cc& the h~aophic Stale of Crosl Lm (E1Ber and
C* 987), and indiCalc a rich food supply b resident zebra
m Is. Tho dynamics of tho co~ona of Cll [FiS. 3(b»)
and peDded solids [FiC. 3(c») were in parllinkcd to varia-
tions iD 8ow [Fig. 3(a»). Tho coalributioo 01 iD~ IOIida
10 the U)I8! was peaIeI' du.ring the th~ biJb ftow interVa1a.

A J .,.,) 10...' ...c ca.""D"'.'..a~."'., ~,.~...~~ . .



TABLE 2. Summary ot ~ t""~

R4(uenceCoemeieDl Value

do ~1..47$ IDJ om,e,
~ 2.67011 o.'m, C-'
j{/'i) 1.0
1. O.OU 48y-1
~ 19 me,
c, 180 iAoB.m-'. day-I
K~ -f\JAtJ/'-~'" - 0.69 In' day. I

, 1~ of I&.
.. 0.09
.,. \.03"
t. 1.~
~ 1-' day-I

Chapa (1997)
0IatJR (1997)
BannJlIa" (1974)
C1~ et a1. (1995)
Tbialtudy
~c at aL (199')
Canalc at 81. (199~)
eq. (6); CbIpra (1997)
Eq. (6); compGrld
Cmalc at 81. lI91j~)
Cana)e a al. (199')

- ~ - - -- Cb~(1997)_-
at, aDd t. ala cemperat\ln COITectioD c~"'ctcnlS fIX' ph~lanktOD

prodiaCUoD ADd ~Oll. tespecuvely.

Development of Kinetics

wi~n each cell are asaumed to bo uoifmm. lnaeasinl tho
nun1ber of loDlitudinaJ acgmCDta (i.e.. reduced lengdl of in-
diviflual cells) did Dot influence model predictions. An addi-
tiO~ 13 longitUdinal segments of' -1 km leQgdi. with vertical

lay s of 0.5 m thickness. were added downstteam of the cut

to $ ppon prclimiDaIy simulations or'DO ovcr the cut to Bald-
wi ville (Pig. 1) ~h.

c submOOcl simulates T and U'anspon. Tho bcat budget
that,supJX)rt5 T simulations inclOOcs terms ftW' evap>rative beat
106~ short- and long-wave radiation. convection. conduction.
and. b~k-radiA1ioD (Cole and Bucbak 1 99S). MeleorologicaJ
da~ necessary to drive d1e predictions ~ludc ah-lCmpcrature.
dew' point tem~. wind spe~. and incident solar I;Idia.
uonJ (Table l).

atUJU of transport are simulated by specifying the intcr.
O1CU n of adjacent model ccJls through tho pr~csses of lon-
,iN inai and vernw adv~tion and dispenion. The vcnicaJ
mix ng component of the transpon framework of CE-QUAL.
W2 was modifted for this rlvu applica&iQn.1M venicaJ ~y
di. sion coefficient (D.. mI. S-I) was calculated a a function~ of w Kcording to relationships reviewed hy Martin and Mc.- Cu hcon (1999). The value of D. inctCaacd with Q'. at Q 2-( 'L.' fS '. s - t. me lower threahold for DO DO stratincadan. 3 value

ca ".ole at' :. 0.008 m: .,-l was predicted. The valise 1,)( D. wu
f?? cal laICd to be much lower during the low How intcrva! ot

mi4.July to tnid.August when substaDdal DO SlrarltiCaUOD was
oba.ervc=d [Fig. 3(f)J; c=.g.. average of -0.002 m=' S-I.

The model performed we" in simulating Tat dOle scales of
i within a day \0 seasonal (root-mean.squarc C=Iror at buoy 397
, ~ 0 44.C). Howe'\lC". the SUCCCSI of simulations in the cut was

,argf Y ensured by the freqUCDI update of the boundary con.

diti . The results of an earlier dye $tudy conducted over the
Cro Lake (ouueu to BaldwinavlUe reach (Q - 30 m"s-1
(Sc! ndel et al. 1977) ~vtdcd . teSt t'or the submoders Sim'
ula n of time of a-avel (t.. h). itn important feature ot" river
Iran port (Martin and McCutCheon 1999). The predicted I. was
app ximately equal to the obserYation i)f 70 b (Schindel cl
Cli. 977). Tho prcdictcd value of I, to I1"BVC~ !l\c snuner
Icn. of the mldy site at the same Q was .t.:: h.

SOD. .VBOD 11,.). and CHOD

Certain features ,,{ this .study system have simplifying ef-
fectS ;)0 the appl~tion of the kinetic framework. For example.
theta .Jre no dcposiw ,,( fJr8anic ~lmenu: thus. tJ1ere is no
signific:lDt exertion of SOD. ."'- very :ow vaJuc (or k.. was ~-
p(X1ed for downstream portions of the Senc~a River (from
BaJdwinsville to just put the conftucncc with the Oneida River
(Fig. I)] (Canale ct aJ. 199':1. This W.1S ntaibuted largely to
its pal. depth. u nitrification is loc:wzed :it the sedimem-
water intCnac:e (Cavan 1977; Pauer and Auer 2000). Anunooia
is depleted seuooaIly (by midsummer) in the epilimnion of
Cross Lake (Effter ot iii. 1989), which l'unhcr ~iscourages ni.
aific30on. Increases in ammonia have been rcpurtcd :I'-'fO$S the
cUI, p"sociatcd with excretion by zebra mussels (Effler et ai.
19"J7al. However. the lKk of my increase in nia'a1C (ond~-
uct or" :1itrific:ltion) .Cru.iS the ':Ut over th~ study period sup-
poria Ute position mat the mIe of nitriJicaiion was "Cry low
rassumed zero hero, \G~lda ~t "I. ;000). (:.)ncena-.1tiu~ ~f
!abiJe ->rganic CMbon in dlC cpilimnia i>i prudur;:ivc iake$ ~
[ow within tho c:oncext of potential JXV en dcma.nd I w~
199:,. ~cr, :10 .:hangcs in :he .cur:::entro1ttLm r""1 '"erc
~bser..-ed ~lOSI me stUdy site ,unpublished datal. Thus. there ,i-o.:.'
was assu~d to be 1)0 ox)'Jen sink. us<x:ia1cd with Ihc stabt- ;)'::'
lization of CBOD. / I f &J#:Juf- ~ ~ .:

u (...J!'fa.. ¥ . -c:
PJt;=-o.J .-"

Kr. ,"

Dls

The
zo~

Dctc::minaaODS "j K, were bascl.1 ;>n lit .iltU cxpcrimC:1t~
with ~e I'e~vely insoJublc ~as SF.. :or Jc.)wtl~Ue3l)1 punlo~
ul lhc over (C;ODun~OU' inJ~uona nC3t BaJdwlmvllle [or sev-
eral weeks in the summer of 1991) ~ ?art of 11 DO modcling
study caaWc:ted before mo 7.ebra mussel invasion (C ill\wlc Cl
aI. 1995). The valua of Kt. were calculaccd froTn tile Sil. trans-
(cr l:~fficicDt dctCnninauol\J bUed ,1n Ilitterenccs In mole!:-
uiar .:iL.-=£':.s.il:)n ;~';:In,-"ic:1t" :u:- °hc :." U 1;1.'i~.. C.:.n~r: ct Ii
1~')- Val~ 1)( K, CODSl$Ient WIth UlOSC ~pul1ed by Canaic
ct aI. (1995) were adopted for the present stUdy (Tablc 2). as
SUbscantta11onlil1xiinai differences were ncx reponed by thn5e
inve.tigacors over a 12 km rcach.

~)

~cncralized kincUc cxpcession (or DO. whi~b in~ludes the
~ sink [~ 81 \be river bottom (Emcr ct aL 1996)] if. _LO

d041 dr . K..' (DO.. - DO,)iH, + \p - R~ - (~YdOO.;~. .
- . NBOD) - (SOD + roD) ( -

.'\ i (1)

WhtdDQldt - rate of chinle of DO duc to kinetic proccSSCI
(g' -"day-'): K, - ox)'JCn transfer cocfficicnt Im-day-I);
DO+ = DO coacenttarion at wunuon (g' :n . ':.j DO, = .lur~al:c

lay~ DO coDCcutraliOD (g.m -~: H, - surt"ace layer tbicbCSI
(m)~ P - gross phorosynthcdc production of oxyson <a
Ot. -J - day-I): R - uP'8kc of oxygen due (0 ca.OOlCDOUS rcs-
pua on of phytoplankton (g ~. m . \. day -I); kc - CBOD de-

cay iUC (daY-1; CBOD. - u1timase CBOD (I'm-)); k:...
NB D decay rate (day-1j SOD - sediment oxygen demand
rate g-m-1.day-1: roD - zen mussel oxYlcn dcmaDd I'81C
!g - -I. day-I); WT = width of channel cross section at top of
Ie nt (m): W, - wid!h of chaI1Del Cf1)SI sccdon at bonom
of nt (m)i aDd A - crou-scctional area of sepneDt (m~
Tern 81Ure adjU8tmcnta for die kinouc proccsscs. olhcr than
ZOD. were made 8CCordinS to me Arrbcniua fmmat (Bowie
ct aI. 198~). Values of the kinetic coemcients UIed in ~
m~l uv ~ ia 'IBhle 2.

PIR

The il'0IS phocosyndtetic production of OX)'JCD (P) was sim-
ulated according to the following phytoplankton growth ki-
netics (Bowie et ai. 1985; Chapra 1997):

p - JA.'Ch1'~'Goc (1)

IL; ~'/(T>'/(/)'/(N) (3)

where JI. -1J'Owd1 talC of pbywpllnbon (day-'); acr = cal'bon



to ~ loropbyll raoo; doc OAYpn to carbon rado; fA- - max-
imu gIOwth rau of phYWplanklOn at 2O-C under optimal
Ugh and nuuieDt colM1ldona; aDd /(T). /(1), aid AN) = Iimi-
tad factors (~1.0) aasociated with ambient temperature.
ligb and nument availability conditions. respectively. The
~irT1 li{yillK: U55\WlpUOn ofnument s~on (Bannister 1974)
is a propriltC here ~~ausc of the biab co~aations of no-
trie tS iD Watcr delivered to the cut from die cpillmnioa of
Cro Lake (Effler et at. 1989), and the increase in available
(0 of phOsphOIUS and niU'OlcD over the cut associated with
zeb mussel e~uon doc\DDeD1ed tor Ihe ml>dclcd mlCIVal
(E ~r C\ aI. 19978).

L!ght limitation v(/)] i5 re~Dted by

I f(/)--! 0 ' J + K, (4)

whe I. phowlyntbclically available sol.. ndiaaion (PAR.
JJ.E. -2 'l3ay-'); and K, = light half-saturation conStant (IJ.E'

m-2 day-'). Li&ht at depth in the Water column was calculated
acc ing to Beer's Law; the magnitude of tho light aaenua~
cion oefficient (k., m-') Wb held COl\ltant (T~ble 2) b~ed on
th~ nifolmity of Sccchi disk mcasurcmentS (Table 1). The
inde dence of k~ from the variations In conccntrauon» ~(
Chi Fig. 3(b)] rcdects die hip nonalgal twbidity in this por-
tion of the river, a liaJation that is common to many lllge
riV1-

c up&akc of oxygcn due to the endogenous respiranon of
the hytoplanktoo (I() was simulated ~on1ing (0

1
i R-r-ChJ'iJc,'aoc -

whe~c r ~ phytoplankton ~piration Tale (day-'). This rate was
Simlliated as the St'rnmAriOQ of twu components, the basic
maJ"tenance or basal component. and an active componenl
that .ncreues ill production incr~, ~p~nlcd by the ex.
pre< ,ion (Laws and Ctalup 1990)

I
r=+'1J. .. k.

whe~ ~ - coefficient for thc KDve component oj ~spir31ion
(diRf~sionleS5); and k. - baa! componcnt of reS?iraDon
(day~ ),

(5)

(6)

mined here for the cw (with !he simplityia. ulUD1ption tbu
ZOD ia unifonnly aistributed alon, !be bottom of tbi.I river
section) for tbc study period usia! the mall balance model. :-*.~ a~.J-t CkQ-.
M~b1g Protocol ~ih-al v",j~ (oJ,-h~A\-

Initial conditions were based on mea T and DO proliles
at buoys 409 and 397 on June 19. 1994. Thcsc obHrvations
WCIC linearly intexpolatcd in spacc (i.e.. 10n,ibIdinaJly and ver-
tically) such d1at all model celli were assipcd an initial value
of these two Slate variables. Upstream boundary conditions
were thOle measured at buoy 409. The ncc~N:!..ry verticaJ rcs-
oluuon for the confixuradon of the model cells II this ,itc was
obtained from lincar intcrpoiauOn oC the valucs from the two
morutoced depth. (Table 1).

1be model's aurosreppiDI algorithm (Coie and Budtak.
1995) .:aJculatcs a maximwn timc-step. within a specifted
range. baaed on hydrodynamic nwnerical ,lability rcquirc-
mcncs. and :hen uses a fraction of this value for the actual
time-step. The minimum and maximum ume-Sftps w~ 1 S
a!)d I h. respectively. Boundary ana m~rolo&ical condiuons
were supplied to the modc! al houriy intervals. Q daily, andChi weekly. Linear interpolations of thcsc repons were con- .
duc:ed by the model conSIStCnl with £he auloSlepping algo- (~1;.
ntJun. C11lompbylt concena':l.tioDs were specified irnm mea- c:J
SwcD1CnLS Cor dri~ modcling ctf.on. Value~ oC Chi wcrc ~- J.
interpolated venically and longinJdina!ly, such d181 ail model ~.
t:cll$ were ~sjgncd a concentnltlon. ~odel simulations were .e;~r
conducted for the lime 29-Oclober 15 lDtcrval 011994. Values
of ZOD were specified in calibration at time. steps ~ I day:
i.~.. no vanarlons within a day wefe 3liowed

MODEl. PERFORMANCE AND APPLICATION

Calibration

Pt1]OrmtVlC~
Several salje.nr featurcs or" the; complcx pancm" observed

tor DO 3I the downstream Station. ilnd JepleIJnn I1ver the srudy
r~iiCh. werc selected itS meuic$ o( U1~ ~rJ'orrnllnc= of me caJ-
ibr:l1~a model ;Figs. .J. ilDd .c). Thc .iuon~ vnrinuons in \hc)e
:IIC3.'lJte!i : F!~. ~ ~nd 5, :e~ml)il.l.'I;!c 'J)c ~)J ~ru~1 J'fD:1lIUC
.;h~tc:': ,,( th~ )i~n:&w~~ .mparu:-J ;,y !he .lfT3'f ,)( (orcln~
condluons over Ibc jtudy penod. ~fcdcl tc:5ting l:u~idcTcd \ 1 !
vertic~ dil'fercnccs; /z' daily averoage 00 I:Oncenlrabons at the
downstream buoy (Figs. 4(aJ. 4(bj. .111:). and 4(OJ; .3) differ-
~nccs in daily .verage DO betWeen !be upsueam and down-
~cream )itcs :Fip. ~(c). ~IJ). 4'1), Jtld ~(h)l; (4) ma~nltUde£
:.rIgS. ~,-i) and 4(J)J and diSU1buuon5 1)( m8lDltude-' ~rigs. .l(k)
lnd J.{1)J .>( ~e D\Jximum ,jifference :n :)0 \vtthin :ndividu..i
Jays (diurnal); and tS) DO COIICCnlr4buns m~ured hourly at
the .!OWRSlreaDt btJuy I.MI. 5). Conaiuons bef.JCe thc mid-Au-
gust '.washout" of zebra mussels ~vc been IJifferentiated
oom those ilftcr (tWo symools. Figs. ~(,,)-( J)J.

"l"hc mudcl pcrfur:ned wcll in mli'l;hin~ th~ o:omple~ I'attcm~
1)( C)() ':'OI.:umcnre;: Ji ;:)c JOW"$rre~ ute oUll.i the DO IJcFI';-
don over the stUdy reach. The l8r!cst deviatio~ betWeen pre-
dil.-[io!'.s ;md obscrvadons DC:::urrctS in the interval beforc Ihc
washout [Flas. 4(ai and ~bJI wbe:1 !be ubra musscJ pupilla-
,ion [Fig. 3(e)} and DO doplcrion (FiCS- 4(c) and 4(d)] wcre
the greatest. The C:llibn~lcd model explajpcd ~9% of the "I&r- ~iabiliry obscrvcd in DO concentt8rionl at the dowrI$D"eaIn 5ite -

lFigs. 4(e) and 4(f)] and ~74t1, of Ibe DO depletion across
Ibe sludy reach [Figs. 4(g) and 4(h)], fcx borh d1c upper md
tt1e lower river depths. Model performance was panicuJ81ly
Impresaive in simulating me vertically disparate signalureS in
DO depletion acrosd the CUI {FIal- 4(c

zad
zbD includes zebra mussel respiration as well as all other

I~ OA,,&cn cun.umptiuD prt.:esses ~ 0per8IC wllbin ~c
colo ics (c.g.. stabilization of f~$ ~ p~udoicccs). Respi-
ran is t1\c dominant COlnpoacDt (Schneider 19'J2). Zebra
mus I respirmion has been partirioaed intO tWo compoocntS
by scienuftc community-(l) ~ SI J~Td miniJDum for
mai tenance (no feeding); IIDd (2) the ~uvc component as-
soci ~d with (ccdinS. which iDCludcs me ~chanicaJ coat of
wat a-Bnspon and the physiological cost of digcsuve pro-
cess $ (Schneider 1992). Bn«h compoocBts dcpend on thc
wei t of mussel tissue and temperature (Schneider 1992; ,",-1-
dridSc ct 81. 199.5). The active component is quite variable.
lJe~uinl un ~ Qumbcr of ambient environmental conditions
that remain poorly deriDed and unquanutied (Emcr ~t aJ.
199 ).

Z D i$ exened at the river bottom bccausc of the ~5ilc
habi of zebra muaacls (Table 1). The znagninJdc of the ox'
ygo sink exarud by the invader dcpcn~ on tho area ()f col-
ani 'on and the dcoaity (i.e.. biOD1858). SIze SttUCt~
(Sch ~idct 1992: Efilcr et at. 1996). and metabolic stair. (I.e..
unb nt cnv1roumcnw cood1d~) at tho mUSlel population.
Thu it i. _ppropriatc to expreu tho ZOD (Elftcr ct aJ. 1996)
in thf: same areal units IIICd f« SOD (g'm-1'day-1 8Dd to
~runodaac this now oxygen tink 10 chc DO maq balance
in ~ same manaef (1)]. 'The dyD8mic3 of 7.00 are deter-
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July t""". 4 In: (8) A"1\I1t 9. 1 II\; (f) A"IUII 9. 4 m: (I) S~i'C8DMI8r 3. I In; (111 ~ 3. " ID: ,i) SepI8m- 10. 1 m; j} September 10. -4 m
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1)c pcd<xmancc of the model in simulaliDg diumai varia-
bon. in DO. driven largely by phytoplankton KDVlty. w..
so~wbat leu impxdSive than for daily avcraae DO aJId DO
~Pt~tioo ~ d\c cut. However, thia fea1UrC of model pel'-
fomaance ia coDSi~ quire good ill light of the diffi.cullia
of j ucb aimuJalions (Ibomalln aDd Mueller 1987) aDd the
co~bJexides of dIc blOQbcmical processcs involved (e. I-. in-
ftuc.:pcc of phytOplankton compoallion on kinetic coemcieDts)
(BQ~ et 81. 1985). PtedtcUODS 8Dd obaervaD0D8 of diurnal

t:Ulges tended toward an ~ujvaJency. ~U( subStanlial ,c..(~r 111
perfomlance (betWeen dittcrent daYSJ was observed (ur 1J1I~
metric: [Ass. 4(1) and 4(j)]. Tho obICIvcd ~ predicud ois-
aibUDoDS of diurnal variations In DO for both the uppcr and
me lower dcptbI maIched ~nably wocll (PIa$. 4(k) and 4(I)J.
SimuJatioD8 of rho dcwlc4 temporal patterns ot DO conCCn-
rraIioDS witbin lDdividuai days varied from good a' bulh ..kpms
LAp. S(a)-(d) and j{g)-(j)] to fair for bocb ckpW (pip. S(oc)
and .5(£)].
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c ~pora1 pa11em of ZOD in ~ cut determined by cal-

ibr 'on (Fil. 6) depicts wide variadona iD the level of' reapi-
mti n by the resident zebra musael populalion. Several facIOrs
sup art the poaiuon that the prlD\a1'Y fcacurea of this paaem
are eat; i.e.. the pauem ia DOt an aniflCt of "knob-tU11ing" in

I calibra1iol\. aaributable to limitarloos in the measUIC-
me LS of tho state variable, model ipPUtl, or the model frame-
w Emer et aI. (1998) reviewed several poteDtial sources
of r in thesc mDUummmts aDd concJuded ~y were mi-
nor" The paaem of ZOD delcrmined here matched closely the
disftibution ~ by EtBcr ct aI. (1998) (Fie- 6) that wu
bas-+d on a aimpl18cd DO budgct calcularloD (conducted on
dailr averagc concenrralioos). The popIJadon of ZOO values
waa shifted lower foUowiD8 d1e wuhout (Fig. 6), consistent
Wl~ the dependcncc of respiJation on popuJadon density (5c neider 1992; EfOer et al. 1996) aDd temperablre (Aldridge

et . 1995). Further, the ZOO values reponed here, when nor-

m zed for estimates of resident zebra mussel biomass (Effler

et . 1 997a). demonsD'uc reasonable consistcncy wich Jab()-

rat rates (fable 3). The 3vcrage biomass. specific ZOO

val c [or the Jow Q interval of mid..July to mid-August (av-

era c T = ~'C) compares favorably lAfilh die labOl"atory r8te(s)

rc cd by Aldridse et al. (1995) (Table 3) for similar tem-

per tures for specimens collected &om chc nearby Niagara

Ri . Fwther. the results of laboratCX'"j ~xPCl:iment8 on sinlle

(AI idge et at. 1995). as well ~ ~unal{Slocckmarn1 and

G on 1997). collections es&ablish thai theAmetabolic ralCS of

thU invader arc subject to substantial variation. as depiCted by

thetOO pattern obtained for the cut <MS. 6 and Table 3).
e magnitude of ZOD should be cxpccted to vary nOt only

wi changes in biomass :lnd size dislriblJuon of me population
of i e bivalve. but also in teSpo~ (0 changcs in ambient

con ilions and related stresses to che invader. The avenge

ZO in the cut for tho July I-IS iaccrval. wbcD duw was

mu h hiiher and variable (Fig. 3(11)}. ~ substantially greater
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I .. i I
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FIG; 8. Temporal DlJUtbllUOG ot t.OD Ia \110 CUI D~ by
Moqel Callbrauoft; Vuucs Based oa .1i1Dp18 8udCct Calculations (Et8er
ct all 1998) 1dC1uded for Comp8iaon

man Iha1 found for the mid.July '0 mid-Aulus' in\CtVal (RI.
6). but was well within the range of avuqe laboratory raICS
reportcd (tW higher tcmpera1UreS (Aldridce et aI. I99S) ~Ie
3). Resuspension of feces and pseudoteces from the zebra
mussel beds may have contributed to ma incM3Ied oxygen
demand during thiH high Row interval. but the contribution Is
~lleved to have heeD minor. as it i8 unlikely it would ~x~
the magnitude of a higb SOD vaI~ (e.,.. S-IO J' m-l - day-I)

(Fig. 6). Thc labora(ory rates for T ~ 2S.C (fable 3) dcpict
StfCSS. as the expendibU"e of cncrgy by !be mussels (respira-
tion) exceeded the capacity to compensate by feeding (AI.
dridae et al. I 99S). The mlX"C likely reason tor hi&her ZOD
valU" (fig. 6) and nc.ma1izcd oxygcn demand values during
IhU in(et'Val is IU'essful conditions for me invader. Potentia)
enviro~taI 3OUlCCS of variation in zebra mussel respirarion
(and suess) include variations in sizc. compo.iuon. and con.
centration of porenrlaJ food panicles \Lei ct ai. 1996.. Baker
e( ai. 1998). l;on<:cnQ'ation of nonfood panicles (c.g.. inoraanic
(Uri)idity) (Aldriuac c~ ..1. 1995.. Sununecs ct aI. 1996; Madun
~t aI. 1998). tWbulcncc (Strayer ~t aI. I~). tempcraturc i.AI.
dndae et aI. t995), and reproductive Slate (Stoeckmann and

GlirtOD 1997),
Vario~ empiril;3.l retatlonships were evl1Juatcd ;.or potentiul

Jnve:s .)r' '.h~ v:1na.bilitv in ZOO ;n :he ':Ut nve~ '.he lulv to
mJu-Augwt InICrvaJ. tI1'e period of thc hi&he~( zebra Inu"ssel
popularion densifY [Fig. J(e)l. No relationships werc ob5ervcd
over this interval fOT ChJ or T. However, a mons positivc
reiationship betWeen ZOD and Q was observed ,ZOD - I.OQ
- ! 1,56; R: . 0.82; significant at ilic 1 ~ Iovel). It IS unlikely
that incrC8$Cd Q. and the anend2Dt iDcrcased vcl~i'y and blr-
buleocc. wae !he direct cause for highr:r ZOD values, It is
more likely that o(ber changcs that accompanied incrcascd
.1ow were thc liircct ~lin1ulus for ~igher respimuon ratC$. In
?artic.:Jar. the quaiity of food supplicd to tho \:U(. as measured
by the fraction of total ~u'pt;nd~d solids (TSS) as VSS (Madon
~t oil. 1~8). was !ower during the hi¥h dow inter.'~ of early
Juiy (Fig. 31c IJ. whct1lb~ water w~ :110re riverine in ...hnracter.
J.:iSU'-iated with 5hon--:ircmtcd ftow :hruugb CrQ$i Lake (Effler
to: .1J. 1989). Uoucr thc:;c: ;;ol,diuons "J1e zebra m~cls mus(
work :';Uder ,;nc:'e3S~d ?sc'Jdoiccl:~ ~txJUClion :n .'esp<>nse to
~l~"C: ;on~=:J:t3t:,;n$ .1f !1I~rJnni.: :::iU".jl;!c~ \ ,~ .il.:qu:r: ~.:
JaInC JUlount .>[ :'0,)(1. ThIs pofenllal intcr3l."tiun 'Na£ sup~tcd
~y \he !1Cgativc ~clauon$i1ip between ZOD and '.hc ratin Vss,'
~S ~,)r bciore the washou( i!1tCT\'al [ZOO = - !O2.~ .VS~i
TSS) - &1..26; R1 = 0.52: sianiric:1nt at tho lO~ lov~l].

The oxygen demand ~iated with Ibe zebm mU$Scl pnp-
:Ji3liun oi the \,.'Ul w~ ~xtremely high ova the srudy pcriw.
C.Jmparison with I value for SOD ~or ~anic.ricb dcpOli~
;.1" -' ~. m-: '~y .,) (Buwic I:t oli, ~98S) j7ro"ldcs .In wpprl1-

?ri4tC ?CtSPC<;flve ~ ~ns,der the m~itudc 0; IOU Rpuneu
:or U\e ';UL The lvcragc ',alu~ \){ :OD ,)vcr thc luw n()~V
intcrvlll oj mid-July to mid.August -0&0 i'm-:-day-i. Fi~.
6) 'Nas acarly an order of magnitUde ife-'tcr. Even aftcr thc
".'\Sl\ou~ ~h~ lVe!'3~~ "~lI~ :If ZOD :~urin~ the !ow n\IW :\\tCI'-
":1.1 IJC ~ly 5cptc~bcr \fi~. 6) W3.'i ;1DOUf-twic~;1.~ grul ~ ilfl
;!pper bound value of SOD.

Model AnalyseeRag

(~ ::: II8Ddard d8Yi.aOD)
<mg ~'I-I zm'~-'.> S~lJSitiviry

Analyses were conducted with the model to depict the sen-
sitivity of predictions to variations and reasonable levels of
unccnaiDty in inputS. Failure to ICcomm~ the dynamjcs in
ZOO (Fig. 6) over the study period (I.e., unifoJm values in-
voked. corresponding to tht: avaagcs before aDd .ttcT wash-
out) compromised substantially the model's perlorman~ in
predit.'tinl the scMonality of DO depletioo 8ClOSI tho cut [Pia:.
7(a»). Thc ctf"t waa grca~t during the low Q interval bet'ore

'# S~/cuadiUmi ~

~-'\ 'to (a) C8c. s-. RI-V ,)" -.~-- - - - -
\'" ' luly~l-Jul)' IS, 1994 116.2 = 40.2

t;f:> ,."'JIa1Y~I6-Au11181 t.5.1~ 39.2 % 17.7.,) ~~. ~ - ~) LIbOIafGry (AJdddJC at II. 19851

"f\\'1 ~
','1 ~

328('

38.9 ~ 9.6
.sa.a = 11-'

101.0 = 33.4
142.1 : $4-'



thc ;rashout, R.caaonablc cbangca in me tale, of the other
so~c and sink processes [(~») resulted in relatively min«
diff.etcOCCS in mil fcamJe of model ~&~anc8. Simulatioa
of . short-tcrol (c. g.. diurnal) dynamic$ asaociatcd with pby-

top bon a(:tivity remains a complex IX'ObIcDl (I'b<DDaDD and
Mu let 1987; Cbapra 1997) with a Dumber of W~S of var-
iabi ty and UDCCnaiuty. The etf'ccu of four potCn1ial SO\1J'CCS
of "lity in ,iDtulatiDg tbc diurual muJC of DO are dr..
pict here as fOlJOW8: (I) detailed specification of incident
lip pauern8 wiman iJldividuai days. venus a typical (e,g..
av e) diurnal pattern [Fig. 7(b»); (1.) uncenainty in speci-
nca on of k~ (:!:2S~) from Sccchi disk ~urcmeDIS (Efftcr
19 ) [Fig. 7(c»): (3) WlCCnatnty in the sb>ichiometry of pity-
(opl nkton cells [~ ; '0-100. Flg, 7(d)] (Cbapra 1997); and
(4) ombined etfecu of diffcrClJCcs in thc at:aJmeDt of pby.
lopl nkLon respirallon and die magnitUde of ~ [compared
to ~ti~ of Canale ct al. (1995)] [Fig. 7(e)]. The etrecu of

d\esc sources of variability wcrc scncnlJy the 8fCa&CSt in early
Sepfember [Fip. 7(b)-(o») when the highest ChI values wae
~ (PiS. 3(b)]. TheIC off~ faBled 6om mOOeit to sub- 4-
s&antill. and together coolributCd to the observed variability in
perfonDanCC in simulating thc diumaJ raDSO of 00 [piss. 4(i)
and 4(J). ~ucccsa in simulating the observed vcIt1cal sttuctun:
in DO at {be downstream site (Fig. 4) was cririca11y dependent
on thc lDaJnitUdo of D. [Pis:. 7(f)]. Slraliftcd coDCcnU'aliona
of 00 Wer8 climinated at magDinJdes of fivo times ~'cr \han
the calibration values. while dtc predicted vertical differenc~
In~ sub:sfaDtililly beyond observarions at 0.5 timcs the
calibration values (Fig. 7(f)].
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RuoilUion of ReBw/alinJ' Procu.r~.r

The 1n000l was used to mvcmgate d\e proce.saes that con.
U'ibuted 10 me obscrvcd patterns in DO at ~ stUdy sitc. Thc
new DO sink aS$OCiated with Lhe zebra muaIeJ invasion (ZOD)
was CSlCotially compcrely respoDS1blc :or the substanLial av-erage 00 depIction across the cut of ~.! mJ' L . I ior the 5tudy

period lFig. 8). This uutcume La not substantlvcly inllucnccd
by rcasoMblc ~hangcs in the o&h~r source/sink pro<:C5~S 3,i-
suciatcd with uncenainti~ in their kincucs. 1110 .')[her 50urCC
3nd sink proccsscs were ~jy In balance (Fig ~). .iUppl)nln&
the 861wnption Invoked by EfBcr ct 11. (1998) in estimating
ZOD for thi~ 5t1"Cam reach witb a simple bWgct .:aJcutation
aPPfOa&:.It (no predictivc capability (or 00). Funbcr, this DCar
balancc of the processes other Lhan ZOD it consistent with the
positiOG that 00 concenb"ations rcmaiDCd tetanvely tmiform
downsuam of Crou Lake before the zebra musscl invasion. -

FcatUrea conaibucing: to rhc prol1~ed diurnal and vertical -/!!\sigDalurcs were resolved on a SUldy-averagc basis by sequ~n- ;) .

Qal inclu-,inn of ..orcin~ conditions (Fii. 9). Invokini thc daily ~avCTagc DO l1niformJy at the upsttcam boundary aDd elimi- ' -
!taring phytoplankton kinetics essenriaJty eliminated diurnal -
variaUons in DO (nm number 1. Fia. 9(a»). Approximately ~
65'11 of rhe avcrqc Jiurnal variarion was anribuaablc to phy;' \..
tOptankton activity (PIR; run Dumber ;!. Fig. 9(al]. while .&OOUt ,~
3S~ '.was associated with the iliurnMi ?8tem that enteted!hc a
SUldy rcxh a& 'J1e ~tteam boundM';' (ruD num~r ~. F~g.
9("il. ,\';>OUt two.r.hi~ af!.ht: .)vernll P'R .sifcct 'JJ;£5 .JSs~:~~li
wirh the inclusion o( the rel:1ted :t.iDCDC~ [run DUmOer :., r:~.
9(a)}; the rcmaindcr w~ l11.trlburabie to accommudatin& tile
diurnal i idcn1. Illht pattern [run number J. Fig. -)(a;). AbIJu&
25~ of Ihc venical difference in 00 oa avcraae. was attrib-
utable to limitoo vcnicai mJxini [low D:1 Fig. 9fb)I. The ~.
~~ of Ibc DO Stradf1caooa at !he Ww~cwn buoy W,\S
usociated with the 1~117.ation of the larlc DO ,Iak 3t thc
:iver b<'Inom [Fig. 9Ibl).
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LonglludinuJ E..r.IclLtiun

A prcliminary $lmulation is prellcnlcd for the cut to Bald-
winsvillc reach ,:Fig. 10) 10 demonsa'a(e thc :Jtillty "If thc
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dictions for Ibc yarjous model cells correspond to the time of
day of tho DO meaauremenu (UpState Preshwaref InsuPlte,
S~U", N. Y.. unpublisbed daca).1bc model perfonned well
in malCbinS the conspicuous DO depletion observed on this
day over a 15 kIn reach of Ibc river (Fi8. 100b»). Tho subacan-
tiaDy lower ZOD in tbe doWDS~am poniona of thia rc«;h,
associated W11b the lower population ~DSitics (Effler and SicK'-
fried 1998), apparCDtly was a larae eJaOUgh sink for DO to
prevent recovery from the major dcpJelion affected by the
U1Ole deD8C populations of the cut [Fig. 1O(b)J.
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SYNTHESIS AND SUMMARY

The findings of this modeling effon have dr;mo~traled 1hat
thc zebra mussel invasion has xe~ulled in substantial reductions
in DO in thc cut, and major depjerions that cxtcnd lil teasE IS
km downstream in lhe Seocca River. during summer low dow
periods. Th~ invasion has cffccrivcly ~ultcd in thc addition
of a new oxygen sink \Q this river system. as well as for u\hcr
rivers with subsla.ntial population densities (C.sraco ct al.
2000). This prompts questions conl:cmina ~ $ource(s) of cn-
erg)' that driv~ ZOD and why this new DO sink hOI5 bc~n
manifested for ~ ::xolic inv:tder ins~~ oj indicenous faun..
The zebra mussel is .:ffccrively cnnvening upsD'~3IIl nulrienl
loading to an oxygcn dcmand through reeding on :hc prudul::d
phytoplankton biomass. Phytoplankton growth IS further pro-
moted in this particular rivcr system by an intervcnin¥ lake.
Previously. river outrophicatiOD was primarily a conucrn (or
oxygen resoun:cs rcla\ed 10 atte~t diurnal swini~ in DO
levels (Thomann and Mueller 1987). Tho pOtenaat axygcn dc.
ID8Dd of phywplankton biomass (e. C.. coosider the results of
a BOD rest conductcd on aD unfiltered pbytoplanklon rich
samplc) was oot c~erled. '111e zebra mussel. U1ro~gh itS rapid
rcproGucuon 3nd ,9"Owth. ~ out-,."ompctin~ indigcnu~ fauna
in the consumption of phytoplankton and more complctcJy u»-
ins this source of f~ This new oxygen sink !$ expectCd tu
be dccidcdly :omallcr in most Invadel1 rivers than thut reponed
hcrc (Madon et at. 1998), as lhe Jcnsity of zebra musscls in
tbc cut iik.cly approach~ an upper bouDd (c.g,. wnr»c. .;;sac; (~
rivers). Howevcr, :.vcn at IO~ of the pt,>!,UladOD Jcn~ity :i\.,d
ZOO) oj the .:ut ,.c,g.. H~ Rivcr: ;C.1racO f;: aI. ~(X)(»).
thi)j nC'N ,)xyg~rl ~Ink 'NOUI~ r"?rc~~l1t :1 "IIn!!)r I:on~c:m rOT ~"c
oxygen rcsourc:s oi river) :n man~ devclope\! .l1'e;1,i. com:-
sponGing :n a bigri SOD suc!1 dS ~Ut ,)bserlCd in "Y)jlcln~ .~iL",
rich OlJaniC: deposits (Bowie Ct a1. IIJ85).

Reduction of upstream numcDt loading to decrease phytUo-
plankton &rOWth repre3ents an appropriate management ap-
proacll (0 limit thc ma~tude of mil 00 .rink. in affectcd "V-
ers. However, the lar~c numbcr of reiatively smwl discharg~
of n:1tcu Jomc;)u~ wQ.Sre .1nj ji~sc J.~!'icullur:l.i inputs :1r-
Stream of Crosa Lake ~ me feasibIlIty of ~c:IIK the
phytoplankton ~onccnumioD in ~ :KC'i ouatow. and Ihu~
downsa-c:IJn 1.Cbra musad t?Opu13.uon .icnsides. :mCCI will.

A. tW()-4lrnenStonal dynlUnic m~ baloncc DO n)odel for
rive:"!!. :bat ~t)r :'~c :irsl tim~ :lc:ommod:1IeS lbc ,iOK :L1Soc;aled
with ZOD hl&S "een ocvelopcd and $uc;c;~iu1l)1 :c;)lCd agalnl(t
1he particularly compJex pltt~ 1105Crvad foc the sc'¥crely in-
fested CUt of the ~neca Rjver. Thc model perlolmCd well In
simUJawlg imponant featUres of the DO patterns. including
DO depletion acroas the cut. DO $uarlfication. and diurnal
vaIiaUoQS. Mo()cj testing was ngorou5 in thaL sillluJuuons were
compared to comprehensive measurements that IJt>o:umented
detailed v~fti(..'" and temp~~ D8nc~ .in ~. u~ fO\Jr- - ~:-month penod.. In particul~ Utll one of die the largest sefiOf \ ~

diurnal DO da1a a,ainat wtrich ~ ~U1aDOD capabilitica
haw bccn tcstcd. Bvaluauon8 of model results WCJ1: »upponcd
by comprehenaive measurements oi forcing condition~.

Wide variations in ZOD in the cut we~ detennil)~ uver
diD sttJdy period through model calibrmion. SubsW\tial red~.

frarll~work itX' longer poniooa of ~e riYet. ~ $pccitiecilol1.
gilLkiinal cilstribution of ZOD [Pil. l(Xa») bM rather Imovon
suppon from biological monitoring. The r8$ident zebra muucl
!,<>~~larion in the cut was reasonably .vell defined "'." .~utialt~
Intensive survey. (Effler et al. 1997a). 4U1d the relared oxygen
dclJ~ was iDlCftsivcly cvalUalCd (PiS. 6). Howeva-, the bco-
lhic, surveys thai supponcd tho remainder of the tongiNdinal
zob pancm were substaotiaily more Spalially liJDjlCd (two
~ilc over the remainder of m~ reach) (Effler and Siegfried
19~). The distribution of appropriate subStr81C. and merefore
;lC mussell, was more ..patchy " in Ihae rivcr scctions.

the by inttodu~iDg substantial uucenainty in the representa-
tiv ess of esOlI1alcd populaaon dcDSitics and l:ouplcd csti-
ma s of ZOD [PiS. 7(8)].

c prcscolCd simulaliOD is 1m' a depth of 1 m (Pi.. 1O(b»).
111 prediCtiODS for sites dowD$1J'Oam of Utc CUI ~ 8coerally
rcp ICl1taUVC of die entim (VGrtical) Water column of Ibo rivcr,
.. CJ"C was IUbllantiaJly 1aa slndficatlon in DO. The pie.
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NOTATION

Thtt jollowing symboLs are wcd in this pGper:

-\ . CIOS&-iecUOnal area of segment (m~;
4c, . cuban 10 chlorophyll raao (ms. mc-I);
4(~. . oxygen 10 carbon raUo (ma' mi.');

CSOD . co~nlra1ion of carbonaceous biochemical oxYseD
demand <s" m-~;

CBOP. . C~enlradOD of ultimate CBOD (I.m-~
Chi - chlorophyll conccnttaDon (I'm-~;
D, . venico1l :ddy diffusivity coe1'ftcient (mJ ..-1);

~. . suIf.Ke layer DO cosx:enu.aon <s" II1-J);
D~~ . DO concenttation at sablradon <B. m-I);

1(1) 2 Ughlo limitation (actor (dimeusiooJeSl);
J(N) ~ nutrient UmiWion factorS (di~D8ioD1ell);
J(7) ~ temperaaare limiWion factor (dimenlionlesa);

H, . surface layer heighl (m);
I 2 photosyndletic3.lly available solar radiation (IJ.B- m-J.day-I); .

X, = light balf-sawralion constant (1AoE' m-2 0 day-I);
K" = oxygen transfer coefficient (m'day-I);
x. B basal component oi phytoplankton respintion (day-I):
kc ~ CBDD decay ratc (day-I);
k" ~ HIM aucnuation coetficien1 lm 'I);
k. . NBOD d«;.1.Y I'a1C (day-I);

NBOD = conccn~tion of ni[fogcnous biocbemic.1.i o.(Ylcn de.
IrWId (g°m-I);

P = lIOn pboU).'y!Uhctic production of ,)xyaen (aO: 0 m-J .

day.');
Q ~ nllW (m'os-');
/( - uptake of .>xygen J11C to phytOplanktOn ~pinnon

\g~ In-I. day-i~;
... . phytO91anxwn rcSp1rt1dOD rilCC llJay -I);

SOD ~ sediment ()~Ylcn uC11W!d (s'm-J'day :);
T 2 tempct8tw1: (-C);
!. = lime of trave! (hi;

W J . width 1)( ~h:&nnci .:rO55 section at ooLtOm of segment

(m);
Wr ~ widLb ot cbaDlx:l cross sectiOft .1t top oi serment ,m.;

ZOD = zenia mU$lcI oXYIC!1 demand talC (g'm-J.day ".,;--.IJ. a ifOwth [aCC of phytoplankton (day-'); ~ .

IJ- = maximum growd\ :-aLe uf phYtOpJanklon .11 J.o-C; And
cb . coeffid~t ffK KLiv8 compoMft( of phy1oplanktoo res-

pirarion I d1n1eft$jonles~),

-..


